Acute adrenal insufficiency is a complex phenomenon and at least three dysfunctions of body economy may accompany its development in humans. The disturbances which are intimately associated with the pathogenesis of adrenal insufficiency in patients suffering from Addison's disease are: (a) dissipation of water and sodium with retention of potassium, (b) impaired glycogenesis from protein, and (c) depression of renal activity. The existence of these disorders has been assumed from the clinical findings of hyponatremia and hyperproteinemia, hypoglycemia, and azotemia, respectively. Experimental studies concerning the precise dependence or the interdependence of these disturbances are not yet conclusive. Whether or not the several dysfunctions are interdependent, they are partially susceptible to investigation, independently. Thus it is possible to correct temporarily the disturbance of electrolyte exchange, meanwhile exerting little influence upon impaired glyconeogenesis. A clinical example of such an independence (1) is seen in patients with Addison's disease who die in hypoglycemic shock with a normal concentration of serum sodium.
Experimental studies recently performed suggest that impairment of renal function also may be independent of alteration of glyconeogenesis as well as independent of the typical disturbances of electrolyte equilibrium. The hypothesis has been tested in humans by quantitative measurements of the various functions of the kidney at different levels of adrenal activity. The results will be presented in this communication. There are few studies reported in the literature which are pertinent to the discussion. The first reports were published in 1914 when three observers, independently, discussed the development of renal insufficiency in association with acute adrenal cortical insufficiency. Sicard and Haguenau (2) dismissed the matter with the statement that kidney insufficiency may be observed in humans during an adrenal crisis. Gaillard (3) made the first quantitative measurements of renal insufficiency and noted a blood urea of 320 mgm. per 100 cc. in a patient who had died from adrenal failure. A similar increase of waste products in the blood was noted by Porak and Chabanier (4) in animals following bilateral adrenalectomy. In 1916 Marshall and Davis (5) observed a delayed excretion of phenolsulphonphthalein dye as well as nitrogen retention in the adrenalectomized dog. They ascribed the changes to a "functional depression of the kidneys caused by a failure of elaboration by the adrenals of a substance necessary for maintenance of normal kidney function." Renal function in chronic adrenal insufficiency was measured by Stahl, Atchley and Loeb (6) in an adrenalectomized dog which was maintained for 9 months with adrenal cortical extract and salt without evidence of was observed to be in good physical condition, her serum electrolytes were normal and the blood pressure was 128/82. She lived only 18 hours after the sudden onset of weakness and hyperpyrexia. On the last admission, the serum sodium concentration was 126 m.eq. per liter; nevertheless, subcutaneous edema was obvious. The concentration of blood sugar was 88 mgm. per 100 cc. A continuous slow infusion of dextrose solution was given during the 18 hours preceding death. No autopsy was performed. The other patients with Addison's disease are alive and in a satisfactory state of compensation.
The patients suffering from pan-hypopituitarism (Table II) had symptoms of myxedema and chronic adrenal insufficiency. By pan-hypopituitarism we mean a type of Simmond's disease in which the most conspicuous feature is hypothyroidism (18) rather than cachexia. All of the patients with this malady were moderately incapacitated in contrast to those with Addison's disease. Each patient was admitted to the hospital because of distressing symptoms and all had metabolic rates below minus 20 per cent. Previous to admission four patients had had at least one crisis, the symptoms of which had been attributed to myxedema, but in retrospect are believed to have been those of adrenal insufficiency. All were ambulatory without requiring specific treatment at the time the renal function tests were done.
A diagnosis of chronic adrenal insufficiency in these patients was based upon the following evidence: (a) the syndrome of pan-hypopituitarism is known to be associated with atrophy of the adrenals; (b) excretion of 17-ketosteroids in the urine was similar to patients with Addison's disease; (c) symptomatic improvement followed a high sodium chloride intake; (d) only small amounts of thyroid extract were tolerated. The blood pressure was normal in all except E. D. This patient was the only one who showed evidence of renal damage by routine clinical tests. Four of the patients are alive and their symptoms are moderately well controlled on a high salt diet supplemented by parenteral administration of male or female sex hormones. Patient C. 0. died from diabetes mellitus and hemochromatosis, symptoms of' which appeared after renal function studies had been performed. Patient During the period that these studies were in progress, seven additional patients with Addison's disease were admitted to the hospital in an acute adrenal crisis. Not one of these patients was thought to be a suitable subject for clearance tests since we were interested in renal function in chronic adrenal insufficiency. Microscopic examination of the kidneys from three of these patients is discussed under Pathological Observations.
METHODS
Most of the data were collected while the patients were in the research ward of the Massachusetts General Hospital. Approximately 25 grams of inulin were given intravenously for the determination of inulin clearance. For the determination of renal blood flow, the concentration of diodrast iodine in the serum was maintained at approximately 1 mgm. per 100 cc. Maximum tubular excretory capacity was determined with diodrast iodine levels in the serum, decreasing each 10-minute period from approximately 50 mgm. per 100 cc. to 25 mgm. per 100 cc. Maximum tubular reabsorption capacity was determined with rising serum glucose levels above 400 mgm. per 100 cc. The inulin, creatinine, sodium and potassium clearance and diodrast clearance at low plasma levels represent an average of 3 or more 10-minute collection periods. The data for diodrast and glucose clearance at high plasma levels are the average for 3 periods or less. All of the clearance tests are corrected to a body surface area of 1.73 sq.m. (16) .
The tests were begun while the subjects were in a basal state except as regards consumption of water. One liter of fluid was allowed 12 hours and 2 hours, respectively, before each test. All urine specimens were collected by a urethral catheter. A sample of blood was taken at the halfway time in most periods. When this was not done, the concentration of constituents of serum was interpolated from data collected during periods immediately before and after. Venous blood was taken for all determinations except glucose. When concentration of this constituent was desired, arterial blood was taken from the brachial artery. Timing was done by means of a stop watch. Iodine was determined according to the method described by Smith and associates (16) . The methods used for determination of the other constituents in blood and urine have been described (19 In contrast to these data, the rate of formation of glomerular filtrate as determined by inulin clearance was below normal at the first observation in each patient (Table III) These data are similar to those reported by Goldring and associates (20) .
Following the first series of renal function studies, desoxycorticosterone acetate in oil was administered and, later, pellets of this substance were implanted. Subsequently, an increase in rate of formation of glomerular filtrate was apparent in the five patients on whom this function was studied. The increases averaged 32 per cent, a significant gain. Simultaneous clinical improvement was more subtle than obvious since the patients were in a relatively satisfactory clinical condition at the time of the initial tests. Following implantation of pellets for one year or longer, the improvement in renal function noted shortly after institution of desoxycorticosterone acetate therapy had regressed in all except E. H. Three of the five patients on whom these tests were repeated showed an inulin clearance below that observed at the time of the first admission to the hospital. This result is not surprising since the life of the pellets used in this study is approximately 12 months and the amount of drug available from this source decreases rapidly after one year. It shou,ld be stressed, however, that except for H. M. no clinical symptoms of acute adrenal insufficiency were apparent and the patients were readmitted because we had advised it. Each patient believed that clinical improvement which developed month by month following desoxycorticosterone acetate therapy had been maintained in a large part.
The effect of administration of adrenal cortical extract (Wilson's) upon kidney function was investigated in two patients. Each was given 20 cc. of the material daily in divided doses intramuscularly for 5 days. The extract was given to ascertain whether it would have any demonstrable effect upon inulin clearance. No striking improvement in clinical state was anticipated because this was satisfactory before administration of this material. The experiment was negative in both subjects. It was concluded that adrenal cortical extract in the doses given is unable to restore impaired renal function in patients with Addison's disease beyond that achieved by desoxycorticosterone acetate.
Creatinine clearance was determined simultaneously with inulin clearance in most instances. A normal person excretes approximately 25 per cent of the total creatinine by means of tubular excretory activity and the remainder by glomerular filtration. The patients with Addison's disease in our series excreted slightly more than 30 per cent of the total by the tubules and proportionately less by glomerular activity. This is indirect evidence that glomerular filtration in Addison's disease is depressed to a greater extent than is renal blood flow; the latter supplying creatinine-containing blood for tubular excretion.
Further evidence to support the assumption that in Addison's disease glomerular filtration suffers more than does renal blood flow was deduced from measurements of diodrast clearance at low plasma levels (Table III) sures were essentially normal, it is assumed that the decreased fraction was produced by efferent arteriolar relaxation. The observations on maximum tubular capacity for excretion of diodrast (diodrast Tm.) and maximum tubular capacity for reabsorption of glucose (glucose Tm.) are too few for one to draw conclusions. It may be stated, however, that tubular excretory capacity appears to be maintained remarkably well, while capacitv for reabsorbing glucose is impaired seriously. Reabsorption of water by the tubules was calculated for five patients before and after treatment with desoxycorticosterone acetate. The percentile reabsorption was unchanged in three patients, increased in one and decreased in one. No significant change was noted in the two patients who received adrenal cortical extract. Our data, therefore, do not confirm the conclusions of Gersh and Grollman (13) and Silvette and Britton (21) that tubular reabsorption of water is increased in animals in adrenal insufficiency. Increased tubular reabsorption of water would be a rather unexpected finding since glomerular filtration is depressed. Furthermore, in acute adrenal insufficiency increased urinary output accompanies development of symptoms.
The exchange of sodium, chloride and potassium by the kidney was calculated as cc. of plasma cleared per minute and recalculated to determine per cent reabsorption by the tubules according to the formula -( sodium clearance X 100. In inulin clearance employing the term clearance for electrolyte exchange, we have assumed that it implies and embodies a process similar to the clearance of substances such as urea, phosphate, and urate. Inherent aspects of electrolyte clearance include appearance of these substances in the glomerular filtrate in the same concentration as they exist in plasma, and reabsorption in part by tubular cells as the glomerular filtrate passes through the tubular lumina. We have assumed that electrolytes are not excreted by the tubules.
The electrolyte clearances were determined because the statement has been made that the tubule cannot absorb adequate quantities of sodium in adrenal insufficiency (22, 23) . Additional data on this subject seemed desirable. Normal persons on a sodium chloride intake of from 6 to 10 grams per day will have a "sodium clearance" of from 1 to 5 cc. of plasma per minute. All of the Addison's patients except H. M. had a sodium clearance within this range or below. During the period of the test, therefore, no dissipation of sodium was apparent. Similar conclusions were reached by Schafer (24) who employed a different technique for the study of renal activity of the adrenalectomized dog and cat. Our conclusions are not intended to imply that a dissipation of sodium does not occur in adrenal insufficiency (25) . In fact these clearance data may be interpreted as confirming the assumption that, during the tests, none of the patients was suffering from acute adrenal insufficiency. An alternate explanation for our inability to detect any dissipation of sodium is that these studies on renal function are not sufficiently precise to detect subtle variations in sodium exchange. The results obtained from the calculation of tubular reabsorption of chloride are scattered and are not conclusive.
The data on potassium clearance appear to be more definitive. Each of the first five patients studied showed an increased clearance of potassium following treatment with desoxycorticosterone acetate. This was an expected result since this substance promotes elimination of potassium as well as retention of sodium. The increased excretion of potassium is produced mainly by an increase in glomerular filtration. Calculation of the amount reabsorbed by substituting potassium clearance in the above-mentioned formula gives scattered results just as for sodium.
Adrenal insufficiency secondary to pan-hypopituitarism All of the patients with pituitary hypofunction showed a profound depression in inulin clearance (Table IV) . The average for the group was approximately one-half that for normal controls. Creatinine clearance showed a smaller percentile decrease from normal, as was observed in patients with Addison's disease. More than 30 per cent of the creatinine excreted was by means of tubular activity. Diodrast clearance at low plasma levels was determined on two patients. The filtration fractions were 21.1 and .19.1 per cent, respectively. Normal controls
The effect of desoxycorticosterone acetate upon renal activity was studied in two normal subjects, B. C. and B. D. Each subject was given daily 10 mgm. of the substance in oil for 7 days. Clearance studies before and after administration to B. C. were similar. Before-administration studies were not done on B. D. but after-treatment studies were within the average range for normals.
These observations suggest that desoxycorticosterone acetate does not influence rate of formation of glomerular filtrate in normal persons. Several observations of sodium and potassium clearance were made on R. J. following a high as well as a low potassium intake (Table V) . High potassium clearances followed a high potassium intake. They approximated inulin clearance, which indicates that most of the potassium which appeared in the glomerular filtrate was excreted and was not reabsorbed. On a low potassium intake, the clearance of potassium was maintained within the average range for normals. Large changes in potassium clearance were not reflected by a similar change in sodium clearance. It is suggested that sodium and potassium possess independent mechanisms for excretion by the kidney and no reciprocal excretion of these substances is manifest.
PATHOLOGICAL OBSERVATIONS
One of our interests in pursuing this investigation of renal function in adrenal insufficiency was the reported absence of structural damage in the kidney of patients dying from Addison's disease (2, 26, 27, 28, 29) . One might assume, therefore, that the changes in the kidney were "functional" and reversible if the adrenal insufficiency could be controlled. A comprehensive study of clearance at low plasma levels showed a smaller percentile depression than did inulin clearance. The ratio of inulin clearance to diodrast clearance, i.e., filtration fraction, was considerably below normal. Of all the measured functions, maximum tubular capacity for excreting diodrast at high iodine plasma levels was affected least. Maximum tubular capacity for reabsorbing glucose at high plasma levels was most affected.
There are several factors which might be responsible for the pathogenesis of renal impairment in symptomatically controlled adrenal insufficiency. These are (1) vasomotor unresponsiveness and hypotension, (2) increase in concentration of serum protein, (3) decrease in metabolic rate, (4) structural changes in the kidney, (5) non-specific result of a chronic disease, and (6) lack of some specific action of one or more adrenal cortical hormones.
Diminution of blood pressure may be suspected because hypotension might produce many of the observed changes. In acute adrenal insufficiency, a significant depression in renal function undoubtedly may be attributed to hypotension. In our studies, however, blood pressures were normal in most instances. Furthermore, if hypotension had been responsible, renal plasma flow should have suffered quite as much as inulin clearance, instead of the reverse. The data suggest a diminution in efferent arteriolar tone with less impairment of tubular activity than rate of formation of glomerular filtrate. This is consistent with the clinical findings of a poorly functioning vasomotor system. Dehydration with increase in colloid osmotic pressure was not seriously implicated because the concentrations of serum protein were within the range for normal.
A decrease in metabolic rate has not been entirely excluded as being responsible for the observed effects. In Addison's disease, as well as in adrenal insufficiency secondary to pituitary hypofunction, the metabolic rate is depressed. If the averages of the two groups are compared, the patients with pituitary hypofunction had a greater depression of kidney function as well as a greater depression in metabolic rate. Since the hormone produced by the thyroid has an effect upon cellular activity generally, it is reasonable to assume that depressed tubular activity may follow inadequate elaboration of it.
Structural changes in the kidney are observed infrequently in Addison's disease and cannot be held responsible for the functional impairment. We cannot refute with certainty the supposition that the observed changes are the effect of a chronic disease per se. Signs of grave renal insufficiency which accompany acute adrenal insufficiency argue for a more specific relationship.
Maintenance of the integrity of the kidney by hormones of the adrenal cortex was postulated by Marshall and Davis in 1914 (5). Such a postulation is not unreasonable and partial restoration in inulin clearance immediately following treatment with desoxycorticosterone acetate supports it. The failure of kidney functioti to be maintained a year after implantation of pellets and the absence of improvement in renal function in Addison's disease following administration of adrenal cortical extract negate the postulation.
In conclusion, the correct explanation of the pathogenesis of renal impairment may be multiple rather than single. A combination of all or of most of the hypotheses would be in keeping with the statement made in the introduction of the paper, i.e., adrenal insufficiency is a complex phenomenon. The pathogenesis of these aberrations is assumed to be "functional" in so far as no structural changes are consistently observed in the kidneys of patients who have died from adrenal insufficiency. Vasomotor unresponsiveness, a decrease in metabolic rate, a nonspecific effect of a chronic disease, and a lack of specific action by the adrenal cortical hormones may each contribute. 
